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MULTIPLE LINE RUGATE FILTER WITH INDEX 

vCLIF'PING 

GOVERNMENT RIGHTS 

The United States Government has rights in this 
invention under contract number F336l5-86-C-5051 
vawarded by the Department of the Air Force. 

TECHNICAL FIELD 

The present invention relates to gradient index thin 
?lms and, in particular, to rugate ?lters having multiple 
stop bands produced by refractive index clipping. 

BACKGROUND OF THE INVENTION 

Great improvements in optical coating technology 
have been achieved through the introduction of multi 
ple layer ?lms. In fabricating multiple layer ?lms, two 
different materials are typically used-one with a rela 
tively high index of refraction and the other with a 
relatively low index of refraction. The two materials are 
alternately deposited in a controlled sequence of thick 
nesses to obtain the desired optical characteristics for 
the ?lm. The deposition process is typically controlled 
by monitoring the thickness of each layer as it is depos 
ited and by terminating the deposition when the layer 
reaches the correct thickness. This approach provides 
the ?exibility to design a wide range of multiple layer 
interference coatings for various transmission and re 
?ection spectra. The result is the addition of complex 
spectral ?lter structures to many new optical devices. 
Antireflection coatings, laser dielectric mirrors. televi 
sion camera edge ?lters, optical bandpass ?lters, and 
band-rejection ?lters are some of the examples of useful 
devices employing multilayer thin ?lm interference 
coatings. 
Some advanced applications of optical technology, 

however, have performance requirements that exceed 
the capabilities of multiple layer thin ?lms. New optical 
design procedures have been developed for these ad 
vanced applications to predict the continuous refractive 
index pro?le required for any desired transmission or 
re?ection spectrum, including multiple reflectance 
bands. These design techniques employ gradient index 
layers, in which the index of refraction varies continu 
ously as a function of depth into the layer. Gradient 
index optical coatings have advantages over conven 
tional technologies, including ?exibility in ?lter design 
and increased stability in adverse environments. 
One type of gradient index structure is the rugate 

?lter, the simplest manifestation of which has a periodic 
refractive index that varies sinusoidally with respect to 
optical thickness. A rugate ?lter is a gradient index 
analog of a quarterwave stack re?ector. Compared to a 
quaterwave stack, however, a rugate ?lter has greatly 
suppressed high-frequency re?ection harmonics. A ru 
gate ?lter can provide high re?ectivity within a narrow 
bandwidth simply by increasing the number of periods 
in the ?lter. 

In the past, practical realizations of the rugate and 
other gradient index structures were inhibited by the 
limitations of thin ?lm fabrication technology. How 
ever, improved methods of monitoring and controlling 
the deposition of optical thin ?lms, including gradient 
index ?lms, have greatly advanced the technology of 
rugate ?lters having continuous refractive index pro 
?les. Background information regarding this technol 
ogy can be found in the following patents, which are 
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2 
hereby incorporated by reference: US Pat. No. 
4.707,6ll issued to Southwell for “Incremental Moni 
toring of Thin Films"; US. Pat. No. 4,778,251 issued to 
Hall et al. for "Thickness Error Compensation for Digi 
tal Gradient-Index Optical Coatings“; US. Pat. No. 
4,934,788 issued to Southwell for “Deposition of Gradi 
ent Index Coatings using Coevaporation with Rate 
Control”; US. Pat. No. 4,952,025 issued to Gunning, III 
for "Rugate Filter Incorporating Parallel and Series 
Addition”; and US. Pat. No. 5,000,575 issued to South 
well et al. for “Method of Fabricating Gradient Index 
Optical Films.” 
A remarkable feature of gradient index optical ?lters 

is that sinusoidal index variations may be superimposed 
(i.e., added) to produce multiple rejection bands (also 
referred to as lines, re?ectance bands, or stop bands) 
with a ?lter having the same thickness as required for a 
single rejection band. However, it has been thought that 
the number of stop bands or lines producible in a rugate 
?lter is limited by the range of the refractive index 
material available for the deposition process used to 
fabricate the ?lter. As more sinusoidal variations are 
superimposed, the resulting variation pro?le can greatly 
exceed the refractive index range producible by avail 
able materials. Thus, there is a need for a method of 
fabricating gradient index optical ?lms having multiple 
stop bands using currently available deposition materi 
als. 

SUMMARY OF THE INVENTION 

A rugate ?lter having a single re?ectance band at a 
desired wavelength can be fabricated using a codeposi 
tion process to produce an optical ?lm having a sinusoi 
dal refractive index pro?le. A rugate ?lter of the same 
thickness having multiple stop bands can be produced 
by superimposing multiple sine wave index pro?les 
during the codeposition process. In the case of a ?lter 
having N stop bands, N sine wave pro?les must be 
added. At the extreme, when all N sine waves are mo 
mentarily in phase, the total refractive index variation is 
N times that for a single sine wave pro?le. When N is 
large, the refractive index variation required to produce 
the multiple stop bands can greatly exceed the refrac 
tive index limits of the optical materials used in the 
codeposition process. 
The present invention comprises a method of fabri 

cating rugate ?lters having multiple stop bands by a 
process of index clipping. During the codeposition pro 
cess, whenever the superimposed sine wave pro?les 
exceed either the upper or lower refractive index limits 
of the optical materials involved, the index is held at its 
bound (i.e., clipped). It has been discovered that a multi 
ple stop band ?lter can be fabricated using rather severe 
refractive index clipping. As a result, a rugate ?lter 
having a large number of stop bands can be fabricated 
using a rather limited range of refractive index excur 
sions during a gradient index codeposition process. 
Index clipping does result in a loss of optical density, 
but this can be corrected by a compensating increase in 
the thickness of the ?lter. 
A principal object of the invention is the production 

of gradient index optical ?lms having multiple re?ec 
tance bands. A feature of the invention is a process of 
refractive index clipping during codeposition of optical 
materials. An advantage of the invention is the produc 
tion of rugate ?lters having a multiplicity of stop bands 
using conventional optical materials. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
invention and for further advantages thereof, the fol 
lowing Detailed Description of the Preferred Embodi 
ment makes reference to the accompanying drawings. 
in which: . 

FIG. 1 is a superimposed refractive index pro?le for 
a l2-line rugate ?lter with the pro?le for each line hav 
ing an average index of 2.0 and an amplitude of 0.1; and 

FIG. 2 is the superimposed refractive index pro?le 
for the l2-line rugate ?lter of FIG. 1 except that hard 
clipping is imposed above 2.15 and below 1.85. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

A remarkable feature of optical interference ?lters 
having gradient refractive index pro?les is that sinusoi 
dal index variations can be superimposed to produce 
multiple rejection bands within the same ?lter thick 
ness. Thus, a two or three line (also referred to as a 
rejection band, stop band, or reflectance band) rugate 
?lter having a given optical density (OD) is approxi 
mately the same thickness as a rugate ?lter having only 
a single stop band. 
The range of refractive index variation obtainable in 

a codeposition thin ?lm process is bounded by the opti 
cal characteristics of the materials used. When co 
evaporating two materials, the refractive index of the 
deposited material cannot exceed the index of the 
higher index material nor can it be less than the index of 
the lower index material. Originally it was thought that 
the number of sine wave pro?les that could be superim 
posed (added) to produce a rugate having multiple stop 
bands was limited by the bounds of the refractive index 
achievable in the codeposition process. The refractive 
index distribution as a function of optical thickness for 
an N-line rugate ?lter is given by: 

n: na+0.5Znp,- sin (490 O/lti). 

where nu is the average index, npi is the peak-to-peak 
index amplitude for the rugate line at wavelength M, 
and O isthe optical thickness. The summation is over i 
from 1 to N, the number of rugate lines (i.e., stop bands). 
In the extreme case of superimposed sine wave pro?les, 
all refractive index cycles could be momentarily in 
phase, resulting in a total refractive index variation of: 

assuming all lines have the same peak-to-peak index 
amplitude (Np). When N is large, the total index varia 
tion exceeds the practical refractive index range, which 
is determined by the optical characteristics of the mate 
rials involved in the codeposition process. 
An example of a superimposed refractive index pro 

?le for a 12-line rugate ?lter is shown in FIG. 1. In this 
example, the average index (na) is 2.0 with the sine wave 
for each of the 12 lines having a peak-to-peak amplitude 
(11p) of 0.1. This requires a maximum refractive index 
variation of 1.2 (i.e., 12><0.1), which is a maximum 
excursion of $0.6 around the average index of 2.0. The 
superimposed pro?le of FIG. 1 is for 100.5 cycles for 
each of the 12 lines, with an average optical density 
(OD) of 3.0 for each line. This pro?le results in 12 stop 
bands (lines) approximately evenly spaced in wave 
length from 0.4 to 0.75 microns. Each line was given the 
same np and the same number of cycles so that each 
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would have the same OD. FIG. 1 shows that very little 
of the superimposed refractive index pro?le extends 
beyond half of the mathematically possible maximum 
excursion. 
FIG. 2 shows the same superimposed l2-line pro?le 

as FIG. 1 except that the refractive index excursions are 
clipped at 75% of the full index excursion. Thus, when 
the summation indicated a refractive index less than 
1.85 or greater than 2.15, the index was held at these 
limiting values. As illustrated in FIG. 2, the 75% clip 
ping affects nearly the entire pro?le. When tested, it 
was found that the rugate fabricated with index clipping 
maintained all the desired stop bands at their correct 
spectral location. The average loss in optical density for 
this example was 0.65 (i.e., to 2.35). This loss in OD can 
be restored by simply extending the thickness of the 
?lter by approximately 28%. 
Although the present invention has been described 

with respect to speci?c embodiments thereof, various 
changes and modi?cations can be carried out by those 
skilled in the art without departing from the scope of 
the invention. Therefore, it is intended that the present 
invention encompass such changes and modi?cations as 
fall within the scope of the appended claims. 

I claim: 
1. A method of making a gradient index thin ?lm 

having a plurality of reflectance bands, comprising the 
steps of: 

determining a thin ?lm refractive index pro?le corre 
sponding to each of the plurality of reflectance 
bands; 

summing the plurality of refractive index pro?les in 
parallel to produce a superimposed refractive index 
pro?le; 

determining upper and lower refractive index limits 
of optical material to be deposited, said superim 
posed refractive index pro?le having peak-to-peak 
amplitude variations exceeding said upper and 
lower refractive index limits; and 

depositing a ?lm of said optical material having an 
actual refractive index pro?le corresponding to 
said superimposed refractive index pro?le bounded 
by said upper and lower limits. 

2. The method of claim 1, wherein said step of depos 
iting optical material further comprises the steps of: 

selecting a ?rst optical material having a high index 
of refraction; 

selecting a second optical material having a low index 
of refraction; and 

codepositing said ?rst and second materials in pro 
portions necessary to produce said actual refractive 
index pro?le. ' 

3. The method of claim 2, wherein said step of deter 
mining said upper and lower refractive index limits 
further comprises the steps of: 

determining said upper limit based on the index of 
refraction of said ?rst optical material; and 

determining said lower limit based on the index of 
refraction of said second optical material. 

4. The method of claim 3, wherein said step of code 
positing optical materials further comprises the steps of: 

holding said actual refractive index at said upper limit 
whenever said superimposed refractive index pro 
?le exceeds said upper limit; and 

holding said actual refractive index at said lower limit 
whenever said superimposed refractive index pro 
?le is less than said lower limit. 
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5. A method of making a rugate ?lter having a plural 
ity of stop bands, comprising the steps of: 

determining a thin ?lm refractive index pro?le corre 
sponding to each of the plurality of stop bands: 

summing the plurality of refractive index pro?les in 
parallel to produce a superimposed refractive index 
pro?le; 

determining upper and lower refractive index limits 
based on optical characteristics of materials to be 
codeposited, said superimposed refractive index 
pro?le having peak-to-peak amplitude variations 
exceeding said upper and lower refractive index 
limits; and 

codepositing a ?lm of said optical materials, said ?lm 
forming a rugate ?lter having an actual refractive 
index pro?le corresponding to said superimposed 
refractive index pro?le clipped at said upper and 
lower limits. 

6. The method of claim 5, wherein said step of code 
positing optical material further comprises the steps of: 

selecting a ?rst optical material having a high index 
of refraction; 

selecting a second optical material having a low index 
of refraction; and 

codepositing said ?rst and second materials in pro 
portions necessary to produce said actual refractive 
index pro?le. 

7. The method of claim 6, wherein said step of code 
positing optical materials further comprises the steps of: 
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holding said actual refractive index at said upper limit 
whenever said superimposed refractive index pro 
?le exceeds said upper limit: and 

holding said actual refractive index at said lower limit 
whenever said superimposed refractive index pro 
?le is less than said lower limit. 

8. A rugate ?lter having multiple reflectance bands, 
comprising: 

a thin ?lm comprising a ?rst optical material produc 
ing an upper refractive index limit codeposited 
with a second optical material producing a lower 
refractive index limit; 

said thin ?lm having a gradient refractive index pro 
?le derived from a parallel sum of individual re 
fractive index pro?les required to produce each of 
the multiple re?ectance bands, said parallel sum 
having peak-to-peak amplitude variations exceed 
ing said upper and lower refractive index limits; 
and 

said gradient refractive index pro?le having upper 
and lower refractive index excursions bounded by 
said upper and lower refractive index limits. 

9. The rugate ?lter of claim 8, wherein said bounded 
gradient refractive index pro?le comprises said parallel 
sum of said individual refractive index pro?les clipped 
at said upper and lower refractive index limits. 

10. The rugate ?lter of claim 9, wherein said gradient 
refractive index pro?le is held at said upper limit when 
ever said parallel sum is more than said upper limit and 
is held at said lower limit whenever said parallel sum is 
less than said lower limit. 
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